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new technique or tool in IEEE Software or elsewhere, and you are considering its use on your project. If it worked for someone else, how do you know it will work for you? The last decade has seen explosive growth in the number of software-engineering methods and tools, each one offering to improve some characteristic of software, its development, or its maintenance. With an increasing awareness of the competitive advantage to be gained from continuing process improvement, we all seek methods and tools that will make us more productive and improve the quality of our software. But disaster can result from introducing inappropriate technolow to a software-protive improvement?
Norman Fenton, Shari Lawrence Pfleeger, and Robert Glass suggest that rigorous experimentation is needed to evaluate new technologies and their effects on our organizations, processes, and products.2 Such scientific investigation is essential to understanding our processes and products, to increasing our customers' confidence in our products, and to making software engineering' a science rather than an art.
Suppose you have decided to evaluate a technology. How do you proceed? Do you do a survey? An experiment? A case study? In this article, we discuss the conditions under which each type of investigation is appropriduction depariment.' How d d we ate. Then, because good case studies ensure that our changes lead to posi-~ are as rare as they are powerful and informative, we focus on how to do a proper and effective case study. Although they cannot achieve the scientific rigor of formal experiments, case studies can provide sufficient information to help you judge if specific technologies will benefit your own organization or project. Even when you cannot do a case study of your own, the principles of good case-study analysis will help you determine if the case-study results you read about are applicable to your situation.
engineering methods
In their landmark paper, Vimr Basili, Richard Selby, and David Hutchens described a framework for quantitative software-engineering s t u d i e~.~ T h e y defined software-engineering experiments in terms of a two-dimensional classification scheme:
+ Single-project studies, which examine objects across a single team and a single project.
+ Multiproject studies, which examine objects across a single team and a set of projects.
+ Replicated-project studies, which examine objects across a set of teams and a single project.
+ Blocked subject-project studies,
which examine objects across a set of teams and a set of projects.
Many published software-engineering experiments and case studies refer to this classification scheme when explaining how their studies were carried out, and it is very useful for understanding how the investigation was done; the box on pp. 54 defines some other common experimental terms. However, we believe this classification must be extended to consider the formality of the experimental design.
+ If the study focuses on a single project, we prefer to 'call it a case study, because it is not possible to have a formal experiment without replication. ' + If the study involves many projects or a single type of project that is replicated several times, i t can be either a case study or aformal experiment. A formal experiment requires appropriate levels of replication, and experimental subjects and objects that are chosen at random within the constraints of an experimental design.
+ If the study looks at many teams and many projects, it mav be a formal exDeriment or a survey, depending on whether the selection of teams and projects was planned or post hoc. T h u s , any investigation can be considered a case study, formal experiment, or survey.
DIFFER1 YIELD D ENVIR( DESIGN TECHNII CONCLL
However, the differences among these methods are also reflected in their scale. By their nature, since formal experiments must be carefully controlled, they are often small in scale: "research-in-the-small." Case studies usually look at what is happening on a typical project: "research-in-the-typical." And surveys try to capture what is happening broadly over large groups of projects: "research-in-the-large." The differences among research methods is important because the experimental design, analysis techniques, and conclusions they yield differ with each type.
Choosing a technique. Thus, the choice of investigative method depends in part on the size and nature of the organization or project that you want to investigate. It also depends on whether you are studying the technology in advance or after the fact. If you are trying to choose among several competing methods or tools, you may organize your study as a formal experiment or a case study. If you are establishing a pilot project to assess the effects of a change, you will probably choose to do a case study. But after the change has already been implemented across a large number of projects, a survey will help you to document the benefits of the change. ferent effects on experimental subjects or objects. In the context of software experiments, a treatment is usually a method or tool. To draw any conclusions from an experiment, them musf be at least t w o treaments, because hypothesis testing is comparative. Thus, the result of applying one treatment is compared with the result of applying another treatment, to determine if there is any difference.
In many experiments, one of the treatments, the L.OO,IWO~, is equivalent to the status quo. The use of a new method or tool is then compared with the control. However, software experiments have sometimes used the concept of a control incorrectly by assuming that the alternative to using method X is not using the method at all. However, if software staff using method X produce better products than software staff who do not use X, we cannot draw a valid conclusion about the effectiveness of X. We cannot tell if the difference in product quality is due to using X or simply due to the discipline of using a method. Moreover, we cannot tell if "not using X means not using a method at all, or whether the status-quo group is actually using an informal or undocumented method of some kind. This distinction may not be important if your project is deciding whether or not to use X, but it is very important if another project or company wants to apply experimental results generated by other research groups. Thus, for experimental results to be generalized, there must be either two alternative treatments or a well-defined control.
We Case studies are a standard method of empirical study in various "soft" sciences such as sociology, medicine, and psychology, but there is little formal documentation available on how to perform a proper case study; Robert T i ' s book is a notable exception! However, Yin says that a case study should be used when "a how or why question is being asked about a contemporary set of events, over which the investigator has little or no control." For software engineering, we need case studies to evaluate not only how or why, but also "which is better." In this article we concentrate on the "which is better" type of case study.
Survey advantages.
By combining the advantages of case studies (applicability to real-world projects) with those of experiments (replication that minimizes the problems of unusual results) surveys are particularly useful. Surveys
This checklist, along with the seven steps to design and administer case studies, will help you undertake a valid investigation.
can be used to ensure that process changes are successful throughout an organization, because they collate experience from several different projects. However, data collection can take a great deal of time, and the results may not be available until after many projects are completed. In medical research, millions of patients may undergo a particular treatment or use a particular drug simultaneously, so it is relatively easy to build up a large amount of data quickly. There are fewer such opportunities in software engineering because it is more difficult to find comparable experimental objects, because software measures are not used consistently, and because there is no framework to review and collate experimental results.
The most common form of survey is based on distributing questionnaires that elicit opinions about the benefits of technology.' In a different type of study, David Card, Frank McGarry, and Gerry Page6 analyzed project data from the University of Maryland's Software Engineering Laboratory, looking at the effects of technology on NASA's productivity and quality. Card's group analyzed existing data, rather than soliciting new information, a technique used frequently in other disciplines.
No one type of empirical study is better than any other; each is appropriate in particular situations. But experiments and surveys are traditional "hardscience" techniques that are supported by a rich literature describing how to design and administer them. Thus, for the rest 0 f . h article, we concentrate on case studies in order to provide more rigor to a neglected discipline of investigation.
CASE STUDY GUIDELINES
There are seven steps to follow in designing and administering case studies:
1. Define the hypothesis. ' 2 . Select the pilot projects.
3. Identify the method of comparison. g factors.
Minimize the effect of confound-

5.
Plan the case study.
6. Monitor the case study against 7. Analyze and report the results.
These steps, which help ensure that )U can draw valid conclusions from JUT investigation, are related to the IU criteria for research-design q~ality:~ + Construct validity. Establish cor-:ct operational measures for the con-:pts being studied.
+ Internal validity. Establish a causal
:lationship and distinguish spurious :lationships.
e External validity. Establish the )main to which a study's findings can : generalized. te plan.
+ Experimental reliability. Demonstrate that the study can be repeated with the same results.
For simplicity, we explain the steps by assuming that you are testing a new method on an actual software-development project. T h e box on this page provides a checklist to help you plan a case study. Function point 2s 27
and duration will be affected and how. Without this information, you cannot identify, measure, and collect the data you need to draw valid conclusions.
It is also important to define what is not expected to happen. Formally, we can never prove hypotheses, we can only disprove them, so we state a null hypothesis to say that there is no difference between treatments. However, research is proposed and funded based on studying the alternative hypothesis: there is a significant difference between treatments. T h e formal casestudy data andysis and evaluation addresses the null hypothesis, but you should be ready to present your findings to managers and staff in terms of the alternative.
The more clearly you define your hypotheses, the more likely you are to collect the right measures, test them properly, and achieve construct validity. You must specify carefully what really interests you. For example, process-improvement programs often define quality as the reduction of rework and waste, presenting quality in terms of defect rates from the perspective of a software developer. However, this definition differs from the user's point of view, in which operational reliability, efficiency, and usability reflect how the user sees the software.
S o k t tb pikt p r w . The pilot projects you choose must be representative of the type of projects your organization or company usually undertakes. Ideally, you can describe projects in terms of significant characteristics, such as application domain, programming language, design method, and degree,ofmse, and then use this state variable information to select projects that are most typical. Your selection should consider not only project type but also the frequency with which each type is developed. In practice, it may be difficult to control the choice of casestudy projects. However, the extent to which the case-study project is typical of the organization is central to the issue of external validity. If your case study is atypical of the projects you usually undertake, you will not get very useful results.
I h t i f y the method of comparison. Your
case study is by nature comparative, contrasting the results of using one method with the results of using another. T o avoid bias and ensure internal validity, you must identify a valid, basis for assessing the results of, the case study. There are three ways to organize your study to facilitate this comparison: may be due to staff enthusiasm, or to differences in enthusiasm from one developer to another. T o minimize this effect, you must staff a case-study project using your normal staff-allocation method.
+ Comparing different application types. For example, the productivity of real-time system developers is usually lower than for data-processing systems, so case studies should not compare across application domains. Appropriate selection of case-study projects will avoid this problem.
Sometimes it is possible to control a confounding effect rather than eliminate it. This usually involves designing a multiproject case study in which the different projects experience different conditions. For example, to investigate if the benefits of some method or tool are influenced by application type, we can identify a pair of case-study projects for each application type: one to use the new method and one to use the current method.
You can sometimes control confounding by measuring the confounding facJor and adjusting the results accordingly. For example, to study how different levels of reuse affect quality and productivity, you may select a casestudy project in which components (specifications, designs, or code) are being reused, measure the amount of each component that is reused, the development productivity for each component, and the defect rate. If you suspect that, in addition to reuse, component complexity affects productivity and defect .rates, you can record component complexity and use partial correlation to assess the relationship between percentage reuse, productivity, and defect rates, adjusted for complexityPlan the case study. Basili, Selby, and Hutchens emphasize that organizations undertaking experiments should prepare an evaluation p1an.j This plan identifies all the issues to be addressed so that the evaluation runs smoothly, including the training requirements,
I E E E S O F T W A R E
the necessary measures, the data-collection procedures, and the people responsible for data collection and analysis. Attention to detail contributes to experimental reliability.
T h e evaluation should also have a budget, schedule, and staffing plan separate fi-om those of the actual project. A separate plan and budget is needed to ensure that the budget for the evaluation does not become a contingency fund for the project itself! Clear lines of authority are needed for resolving the inevitable conflicts of interest that occur when a development project is used to host an evaluation exercise.
Monitor the case study against the plan.
The case study's progress and results should be compared with the plan. In particular, ensure that the methods or tools under investigation are used correctly, and that any factors that would bias the results are recorded (such as change of staff, or a change in the priority of the case-study projects). It is essential that you audit conformance to the experimental plan and record anv changes. At the end of'the scdy, you should write an evaluation report including recommendations for changes in procedures.
Analyze and report the results. T h e analysis procedures you follow depend on the number of data items you must analyze (that is, the number of Kruskall-Wallis method, which bases the analysis on rank rather than on raw data. (See the box on pp. 59 for references to useful analysis texts.) If you have only one value from each method or tool being evaluated, no analysis techniques are available; you can only present the results as we describe next.
ANALYSIS METHODS FOR CASE STUDIES
Once you have designed your case study and collected the data, you must analyze it to determine what has happened and if the results are sipficant. Suppose your case study involves a sister experiment with one response value per project. For example, for each project participating in the study, you measure productivity in function points per staff hour using method A (the current method) and method B (the new method). Figure 2 shows a boxplot of product-size data.
Boxplots give a simple visual display of the distribution of a data set and help you see how representative a single point is. If the data set were distributed as a classic Gaussian (normal) distribution, the mean would be in the center of the box, the tail lengths would be approximately equal, and the distance from the median to the upper (or lower) tail would be approximately three standard deviations.
It is clear from Figure 2 that the product-size data set is skewed, and that the two pilot projects were relatively small ones (in the lower 25-percent range). Thus, there is some doubt about whether the case-study projects were truly representative of the organization's projects. Any productivity improvements resulting from method B might occur only on smaller projects.
Boxplots are also useful for constructing a company baseline. Figure 3 shows productivity distributions data from 46 projects that used method A. There are no outliers in the data set, so the baseline for average projects is some productivity value between the upper (0.044) and lower (0.076) fourths; the upper and lower tails give the upper and lower bounds for the organization. If you place the productivity of a case-study project using method B on the figure as an asterisk, it becomes clear that the case study had unusually high productivity compared to the company baseline. The baseline can be refined further by reconstructing it using projects that have similar state-variable characteristics to the case study.
SAMPLE CASE STUDIES
To see how software-engineering case studies can be improved, we rurn now to three studies"' aimed at assessing the benefits of Fagan inspections."' The studies represent not only the different types we have discussed but also the many problems that can result from improper case-study planning and administration,
The first study compared differently treated components, the second used a company baseline, and the third involved sister projects. Each study was run for ICL's VME development group. W E is a large general-purpose operating system (approximately two million lines of code) that has been under continual evolution since its first release in the early 1970s. When the case studies were performed, fairly small teams (two to eight people) worked on specific functional subsystems. Staff turnover was low, and people worked on the same team for many years. The operating system was written in a variant of Algol 68 and supported by a special-purpose database environment that maintained records of literals, data types, and module interfaces, all supported with configuration control.
Case study 1. T h e first case study used a single project to investigate if iect's 7 3 programs were gken detailed design inspections; the rest were not. Thus, if'Gas possihle to compare the postdesign fault profile of inspected programs with the postdesign fault profile of uninspected programs. The Total project effort and inspection effort were both recortled.
inspections detected 5 0 percent of all faults found for this development (up ' to nine months postrelease). T h e inspections xcounted for 6 were not allocated to design inspection 1 randomly. In fact, the project staff se-I lected for inspection only those mod-' ' ules they thought were "difficult"; . nique. But the major pioblem with this study was the nonrandom selection of modules that were subjected to detailed design inspections. The development staff members themselves decided which modules would be given detailed inspections, and they selected only those that were difficult. This was a sensible approach for the project, but it had a disastrous effect on the evaluation's validity. Had the allocation been random, an analysis-of-variance on the postdesign quality of each module shows that this single case study bad unusually high productri'rty wupni-ed to the company baseline.
ilr (measured in defects per hundred lines of code) would have revealed if the inspections made a significant difference. But because difficult modules exhibit more defects than simple modules even after design reviews, this analysis was not valid. Thus the only useful result is the overall defect rate for each major postdesign activity. This problem could have been avoided if the case study had been planned and controlled as an activity in its own right, rather than as an adjunct to the development effort.
Other problems resulted from this lack of planning. For example, several other response variables were collected but could not be properly interpreted because there was no basis of comparison. Thus, it was impossible to tell if inspections decreased productivity.
Case study 2. The second case study looked at whether Fagan inspections would increase software quality through a cost-effective detection of defects. A single project was used and compared with a baseline made up of all other concufrent projects. Thus, it was possi-
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ble to compare the postdesign fault profile of the pilot project with the postdesign fault profile of other projects.
T h e response variables were fault counts and staff effort. Here, faults were again related to each major stage in the development process. In addition, faults were classified as design or coding faults. Total project effort, effort for conventional testing, and inspection effort were recorded. As before, the pilot project was self-selected because the development team was interested in the inspection technique.
+ Design-inspection remlts. This second case study, involving the production of a new subsystem of approximately 39,000 lines of code, gave results broadly similar to the first. However, because this case study collected data on testing and inspection effort, it was possible to assess the relative costs of fault detection and correction. T h e inspections detected 41 percent of in-house faults at a cost of 9 percent of the projectdevelopment effort. The cost-per-fault was approximately 1.6 hours, with an average cost-per-fault detected postdesign of 8.5 hours. This result suggests It is sometimes possible to develop a product a second time using a different development method. This is called a replicated pladcirt design. T o use it:
1 . Replicate an existing product using the new method or tool. 2 . Measure the response variables on both versions ofthe product. 3. Compare the two sets of response variables. The advantage of this design is that some of the differences between the sister projects is eliminated because they both produce the same project. However, usually only one of the products is produced under normal commercial conditions. This method is often used when a research group wants to demonstrate the superiority of a new method compared with current development methods. However, if the research group also undertakes the replication project, the results will be biased because the research group will usually have more experience with the new method than would the development staff and are more motivated to see it.succeed. opment group to undertake both projects to commercial standards, and the product that performs best in final system test (or acceptance test) is the one released to customers.
These problems can be overcome if the research group sponsors the devel-6 0 that inspections are a very cost-effective fault-detection method.
+ Postdesign fiult profie. When the fault profile of the pilot project postdesign was compared with the fault profile found for other projects during the same time, it appeared that postdesign faults were again being found earlier in the development process, as Table 3 shows. However, the baseline does not include any assessment of variability. Table 4 shows the types of fault found postdesign, indicating that inspections reduced the number of design faults but not the number of interface faults (which can be regarded as a kind of design fault). These findings were reviewed with the development goup, which pointed out that the faults were found in code that interfaced to a subsystem developed by team members who refused to attend inspections. Thus, they reasoned, the results actually supported the need for inspections. This result emphasizes the importance of monitoring the pilot project for unexpected effects. If the interface problems had not been traced back to the nonparticipating group, the results might have been misinterpreted.
+ Fault types.
+ Problems with case study 2. As in the first case study, the pilot project was not chosen using any formal selection process. However, the more significant problems occurred at the analysis stage. The construction of the baseline would have been greatly improved by using a boxplot to indicate the extent of natural variability. In some circumstances, it might have been better to use a direct measure of faults per hundred lines of code during system test as the response measure rather than percentages. However, in this particular environment, there was a considerable variation in basic fault rates from different types of project. The pilot project was a new utility proiect and was expected to have lower fault rates than some of the more complex enhancement projects; a baseline based on faults per hundred lines of :ode would have to have been derived from a very small selection of similar
Test Method
Percentage Faults Pilot Project
All Projects projects. A baseline based on internal distribution of faults was valid for all projects because they all use the same development process.
Finally, it is important to note that the case study used a surrogate measure of quality. Actual quality depends on the defects found during use, but the analysis was based on the defects found during in-house testing. Thus the conclusions may be misleading.
Case study 3. The third investigation was not planned as a case study. Rather, it occurred naturally as two parts of the same project were developed in different ways. At first, the primary part of the project was planned; however, later a large additional functional development was required. T h e same team produced both subprojects, and testing on each was done by the same staff member. Although these subprojects were not selected to be part of a case study, they were typical of the commercial projects undertaken by the group.
Because the project manager wanted to get the second part of the project completed as quickly as possible, he did nor permit any detailed design inspections. His unstated hypothesis was, therefore, that detailed design inspections cause delays to product development and do not have a major influence on quality. In effect, what resulted was a case study based on sister subprojects, with response variables defined as time to complete production, effort, and fault rates.
+ Results. T h e results, shown in Table 5 , indicate that trading quality for productivity simply did not work, and the hypothesis can be firmly rejected. The subproject without inspections took far longer to produce than the much larger "high-quality" subproject. Additional time and effort were needed to test the code that had not been subject to design inspections. This diminished productivity is clear, even though the state variables show that the subproject without inspections was much smaller than the other subproject in terms of absolute size and number of modules. In addition, code from the subproject done without design inspections was of poor quality (in terms of fault rates) and was more expensive than the inspected code.
T h e case study is convincing because the difference in results is so dramatic. In addition, many of the typical problems with case-study control and variation were absent because the same personnel were involved, the same development environment was used, and the applications were related.
+ Problems with case d y 3. Clearly, the study was not planned in advance. Nevertheless, it conformed quite well to case-study requirements and resulted in sufficient information to reject the hypothesis that inspections increase time to market and do not affect quality. However, this study is not completely without problems. T h e quality measure was based on prerelease rather than postrelease defects, again reflecting a developer's rather than a user's view of software quality. A more subtle problem involves whether or not the two parts of the project are really comparable. According to the subjective opinion of the staff involved, the two subprojects were similar in complexity; however, there were no objective measures to confirm this claim.
hat is the next step?
W Software-engineering experimentation is a necessary adjunit to process improvement, and objective, meaningful case studies can help us understand our processes and control the improvements. Many case studies are performed, but few are done well. The case-study process is itself in need of improvement.
Good case studies involve: stand the limits of methods and tools if we get conflicting reports from different case studies.
We encourage you to assess the work of others, not only in terms of the issues raised here, but also in terms of whether it is applicable to your projects. And we encourage you to publish your casestudy results, to the benefit of the gener- Lesley Pickard is an independent consultant. In the last 10 years she has been involved in researching the use of statistical techniques and software metrics for the monitoring and control . of software development. Much of her work has been part of European collaborative projects. She has written several technical papers.
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